In order to study the microbiology of chromium tolerance and reduction at a fly ash dumping site in South Africa, 15 core samples were investigated. It was shown that the 30 year old dumping site exhibited high concentrations of Cr (VI) ranging from 1.6 to 9.6 mg/g. From this contaminated fly ash dumping site, 67 chromium resistant bacteria (CRB) growing in liquid medium in presence of a high chromium concentration (500 µg/ml) were isolated. Full sequencing and phylogenetic analyses of the 16S rRNA gene allowed unambiguous identification of five Staphylococci species distributed nonhomogeneously through the depth profile of the site. There was a discrepancy in the way the five species tolerated chromium at 250 and 500 µg/ml in anaerobic conditions in the presence or absence of nitrate (KNO 3 ). Their potential to reduce chromium under these conditions was also demonstrated.
INTRODUCTION
Bioremediation is a developing strategy for the removal of metal pollutants from contaminated environments. The implementation of this technology relies first on the capacities to monitor metal transformations and mobility in the environments. Secondly, it is important to have access to specific microbial community activities that can allow biotransformation of metal pollutants. Bridging the gap between these two goals offers opportunities for effective metal bioremediation. Of all environmental pollution, the *Corresponding author. E-mail: youhe.deba@gmail.com.
Abbreviations: CRB, Chromium resistant bacteria; NAD, nicotinamide adenine dinucleotide; ROS, reactive oxygen species; FA, fly ash; PCR, polymerase chain reaction; SDS, sodium dodecyl sulfate; ARDRA, amplification rDNA Restriction Analysis; ABTS, 2,2'-azino-bis(3-ethylbenzo-thiazoline-6-sulfonic acid) diammonium salts. ones due to chromium are widespread because of a larger number of industrial applications (Barceloux, 1999) . This has largely contributed to the occurrence of high Cr concentrations in polluted areas (Nriagu, 1988) . Depending on its speciation in the environment, this metal can be very toxic (Fendort et al., 2000; Costa, 2003) . In its oxidized form (Cr (VI)), chromium is highly water soluble while the reduced Cr (III) form is not soluble (Cervantes et al., 2001 ). In the oxidized form, chromium is highly toxic and human exposure can result in ulceration of the skin (Ye et al., 1999; Levina et al., 2001 , O'Brien et al., 2005 . However, the reduced form, (Cr (III)), in small concentrations, appears to be an essential nutrient for plant, animal and human life (Nieboer and Jusys, 1988) and has been shown to be involved in glucose and lipid metabolism in mammals (Anderson, 1989) . Altogether, the reduced form is less toxic. Therefore, the transformation of the Cr (VI) form of chromium to Cr (III) and the maintenance of this status in environments should constitute a priority in developing strategies for the removal of chromium toxicity.
Traditionally, chemical technologies are used for the removal of Cr (VI) from contaminated soil and groundwater (Nyer, 1992; Yinhui and Dongye, 2007) . However, such technologies can be expensive and time consuming. A possible alternative is the use of microorganisms which have been shown to be chromium reducers (Suzuki et al., 1992; Park et al., 2000; Ackerley et al., 2004a; Vatsouria et al., 2005; Barak et al., 2006; Viamajala et al., 2007; Opperman et al., 2008) . Genera including Rhodobacter, Geobacter, Desulfovibrio, Bacillus, Leucobacter, Exiguobacterium, Pseudomonas, Escherichia, and Staphylococcus can reduce chromium in either aerobic or anaerobic conditions using a group of enzymes called chromium reductases. Under aerobic conditions, Cr (VI) reduction is achieved by soluble fractions which use NADH as electron donor (Suzuki et al., 1992; Ackerley et al., 2004a) while the anaerobic reduction utilizes cytochrome b, c and d or cytoplasmic membrane proteins (Bopp and Ehlich, 1988; Lovely and Phillips, 1994; Myers et al., 2000) . The quality of chromium reduction lies in the number of transferable electrons. The high the number of the electrons involved in the mechanism, the better the chromium reduction in the sense that less reactive oxygen species (ROS) are produced (Arckerley et al., 2004a) . Moreover, chromium reduction processes can be improved by the involvement of alternative electron acceptors such as nitrate, nitrite and sulfate. For example, it has been shown that the presence of nitrite induces effective chromium reduction (Clark, 1994) .
Besides the relevance of chromium reduction for the development of an efficient bioremediation strategy, microbial resistance to chromium is also very important. Different chromium resistant genes have been characterized (Cervantes et al., 1990; Nies et al., 1990) . Chromium resistance mechanisms mainly involve transmembrane efflux using efflux pumps. Such systems carried by plasmids belonging to CHR protein family have been intensively characterized in Pseudomonas aeruginosa and Cuprividus metallidurans (Cervantes et al., 1990; Nies et al., 1990; Juhnke et al., 2002) . In fact, microbial resistance to Cr (VI) and Cr (VI) reduction are interrelated phenomena (Cervantes et al., 2001) . Most chromium reducing bacteria have been isolated from sets of chromium resistant isolates (Pattanapipitpaisal et al., 2001; Francisco et al., 2002) . This implies that bacterial cells should harbor both chromium resistance and reduction genes for an efficient use in bioremediation. The functioning of chromium resistance and reduction genes in the environment is related to changes that occur in microbial community structure (Kamaludeen et al., 2003; Desai et al., 2008) . This suggests that both monitoring of microbial communities and the identification of such genes in the environment are important steps if we are to efficiently implement chromium bioremediation.
In South Africa, coal is the most important natural source of energy. Such industrial use of coal produces a by-product called fly ash (FA) shown to contain chromium (Narukawa et al. 2007 ). Fly ash is generally disposed within dumping systems from which chromium that is water soluble can leach out and penetrate into soil and groundwater. It is therefore important to understand the microbiology of fly ash, as a precursor to developing a chromium remedia-tion strategy for FA dumping systems in South Africa. The objective of this study was the isolation and charac-terization of chromium resistant bacteria in core samples from a fly ash dumping site in South Africa and the selection of efficient chromium reducing bacteria for bioremediation purposes.
MATERIALS AND METHODS

Chromium and pH estimation
Fifteen (15) core samples (0.75, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 , and 15 m depth) were obtained from an old FA dumping site (B1979). The quantity of Cr (VI) in each sample was estimated using a colorimetric method based on the peroxidase substrate-2,2'-azino-bis(3-ethylbenzo-thiazoline-6-sulfonic acid) diammonium salts (ABTS), as the color developing agent (Jing et al., 2008) . 0.5 g of FA sample was dissolved in 1ml of sterile water. 40 µl of this mixture was transferred into a 1.5 ml Eppendorf tube containing 170 µl of 0.2 M acetate buffer (pH 2) and 30 µl of 60 mM solution ABTS. Cr (VI) in the supernatant was measured in triplicate, using a spectrophotometer Biomate 3 (Thermo Electron Corporation) at 419 nm. Sample pHs was also determined.
Isolation of chromium resistant bacteria (CRB)
Isolation of chromium resistant bacteria (CRB) was achieved using a modified growth medium (Sarangi and Krishnan, 2008) . 0.5 g of FA sample was transferred into 5 ml of the same nutrient medium and incubated at 37ºC for 24 h with agitation (200 rpm). 0.5 ml of the pre-enriched cultured was transferred into 25 ml of nutrient media supplemented with 500 µg/ml of Cr (VI) and incubated at 37ºC for 48 h. 100 µl of the enriched culture was spread on to nutrient medium agar plates containing Cr (VI) at 500 µg/ml.
Identification of CRB
PCR amplification of 16S rRNA genes from isolated strains was performed using total genomic DNA from each isolated CRB strain and eubacterial primer E9F (Farrelly et al., 1995) and U1510R (Reysenbach and Pace, 1995) . PCR reaction conditions were 95ºC 4 minutes for initial denaturation, followed by 30 cycles of 95ºC for 30 sec, 52ºC for 30 sec and 72ºC for 1 min and a final extension of 72ºC for 10 min.
The PCR products were cloned into a pGEM-T vector (Promega) according to the manufacturer instructions. Positive clones were PCR amplified and digested by EcoRI and restriction patterns were grouped by types. Each type was fully sequenced and analyzed phylogenetically for species identification. Phylogenetic analyses were conducted in MEGA 4 software (Tamura et al. 2007 ) and the phylogenetic tree constructed using the neighbor-joining method (Saitou and Nei, 1987) . Chromium reduction 100 µl of seed cultures of strains representing phylogenetically identified species were transferred into a tube containing 10 ml of nutrient medium supplemented with either 250 or 500 µg/ml of Cr (VI). The nutrient medium consisted (g/l) of: KH2PO4, 0.9; Na2HPO4.2H2O, 1.2; NH4Cl, 0.5; yeast extract, 0.9; Na pyruvate, 2.0; NaH-CO3, 0.2; MgSO4.7H2O, 0.5 (pH 7) (Vatsouria et al., 2005) . The experiment was performed under anaerobic conditions using OXOID bottles either with or without KNO3 (3.2 mmol). Chromium reduction was evaluated by determining residual chromium after five days, using the ABTS method (Jing et al., 2008) as described above. Bacterial growth was evaluated by measuring ODs at 600 nm during the five days.
RESULTS
Chromium occurrence in the FA dumping site
The method used allowed the evaluation of chromium Cr (VI) concentrations in the 15 FA samples analyzed. All 15 samples were shown to be contaminated with different quantities of total chromium Cr (VI) ranging from 1.680 mg/g (lower) to 9.600 mg/g (higher). The results showed that samples at depth 12, 13, 14 and 15 m contain higher chromium concentrations (Table 1 ). The pH values of the samples vary from 8.09 to 9.08 confirming the alkaline status of the samples.
Isolation of CRB from the fly ash dumping site
Initially, resistance to Cr (VI) was based on bacterial growth on agar media in the presence of 500 µg/ml of Cr (VI). CRB could grow on plates from all 15 fly ash core samples analyzed. However, when the resistance was Kouadjo and Zeze 15589 evaluated in liquid media, bacteria in some samples did not grow. Finally, 67 CRB bacterial strains from the dumping site were selected in the conditions used. As shown in Table 2 , CRB cultivable in liquid medium were not found in all depths but only in 3, 7 and 10 m core fractions.
Phylogenetic identification of isolated CRB
Amplification rDNA Restriction Analysis (ARDRA) analyses yielded 8 clades among the 67 strains isolated. Full sequencing of these 16S rRNA genes (1500 bp) supported the phylogenetic identification of CRB. As shown in Figure 1 , the 8 ARDRA types were distributed among Staphylococci species including S. saprophyticus, S. arlettae, S. epidermidis, S. aureus and S. pasteuri. The most abundant species were S. arlettae and S. saprophyticus (52 and 40%, respectively), occurring in 3, 7 and 10 m depth fractions (Table 3) . S. epidermidis (6%) was also present at 3, 7 and 10 m depth. Less common species, S. aureus (1%) and S. pasteuri (1%), were isolated only from 7 and 10 m fractions, respectively. The highest diversity of isolatable Cr-resistant species was at 10 m (4 species) and 3 m (3 species).
Chromium tolerance of the Staphylococci species in anaerobic conditions
A further comparative growth study of the newly identified chromium resistant strain representing S. aureus (strain 7 m -11), S. epidermidis (strain 3 m-6), S. saprophyticus (strain 10 m-55), S. pasteuri (strain 10 m-31) and S. arlettae (strain 3 m-3) was undertaken. This study was performed under anaerobic growth conditions in liquid media using two chromium concentrations (250 and 500 µg/ml) in presence or absence of nitrate (KNO 3 ). It was shown that at both 250 and 500 µg/ml of chromium, the species grew with OD600 reaching 0.28 except S. pasteuri which could not grow well at 500 µg/ml ( Figure  2 ). S. arlettae had the best growth at both concentrations. When KNO 3 (3.2 mmol) was added in the medium containing 250 µg/ml of chromium, there was a significant impact on the growth of S. epidermidis, S. arlettae, and S. aureus (P<0.5) (Figure 3) . In order to evaluate the effect of KNO 3 on the CRB growth when higher chromium concentration is used, the medium containing (500 µg/ml) of chromium was supplemented with KNO 3 (3.2 mmol). The presence of KNO 3 did not significantly affect the growth of the five species (Figure 4) .
Potential for chromium reduction by the isolated Staphylococci species
In order to evaluate the ability of the five Staphylococci strains to reduce Cr (VI), residual chromium was measured in anaerobic conditions as described above after five days of growth. When an initial concentration of chromium at 250 µg/ml was used, the quantities of residual chromium when KNO 3 (3.2 mmol) was added or not to the medium were significantly different (P<0.5) for species S. epidermidis (strain 3 m-6), S. arlettae (strain 3 m-3), S. saprophyticus (strain 10 m-55) and S. aureus (strain 7 m-11) ( Figure 5 ). That was not the case for S. pasteuri (strain 10 m-31). However, when an initial concentration of chromium at 500 µg/ml was used, the quantities of residual chromium when KNO 3 (3.2 mmol) was added or not to the medium were not significantly different for the five species (Figure 7 ).
DISCUSSION
Fly ash is a common alkaline environment for chromium contamination (Louhab and Aksssas, 2006; Narukawa et al., 2007) . This work showed that the FA dumping site contains a high level of chromium contamination, comparable to that found in ash from leather waste shaving in Algeria (Louhab and Akssas, 2006) . However up till now, none of previously reported CRB has been isolated from fly ash for bioremediation purposes. The 67 CRB strains from the dumping site were isolated in presence of a high chromium concentration (500 µg/ml). When solid media were used in a first step, CRB growth could be observed in all the 15 samples. However, when liquid medium was used, CRB could only be obtained from 3 samples (3, 7 and 10 m) despite the fact that these depths were not the most chromium contaminated. Under the conditions used during these experiments, only species belonging to the genus Staphylococcus were isolated. However, some intrageneric diversity was observed in the core sample from the FA dumping site. The reasons why only Staphylococcus was isolated remain unclear. However, previously reported staphylococcal strains known to resist chromium tolerate high concentrations (Saxena et al., 2000; Vatsouria et al., 2005; Rajbanshi, 2008; Zahoor and Rehman, 2009 ). The
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Chromium reduction imposes a high energy burden, especially during anaerobic reduction where alternative electron acceptors such as nitrite, nitrate and sulfate are typically used. These compounds can occur in natural and contaminated systems. Nitrate reduction to ammonia within the dissimilatory or assimilatory reduction mechanism generates a high energy yield. Consequently, the potential for the isolated CRB to tolerate and reduce chromium in presence or absence of nitrate was evaluated at two different chromium concentrations during five days. In absence of KNO 3 , the concentration of chromium used did not have a significant impact on the growth of S. epidermidis (strain 3 m-6), S. arlettae (strain 3 m-3), S. saprophyticus (strain 10 m-55) and S. aureus (strain 7 m-11) except for S. pasteuri (strain 10 m-31). This strain could not grow properly when chromium concentration (500 µg/ml) was used. However, the presence of nitrate had a positive effect on the chromium reduction potentiality of S. epidermidis (strain 3 m-6), S. arlettae (strain 3 m-3), S. saprophyticus (strain 10 m-55) and S. aureus (strain 7 m-11) when chromium (250 µg/ml) was used. However when chromium (500 µg/ml) was used the presence of nitrate did not affect the capacity of the five species to reduce chromate.
In conclusion, intrageneric diverse staphylococci adapted to Cr (VI) stress were found at the FA dumping site. These CRB could resist high chromium contamination with a potential to reduce chromium. This is an important step for the remediation of fly ash dumping site.
